A b s t r a c t. Widely used in croplands, plastic mulch can significantly change land surface properties and energy partitioning. However, the magnitude of these modifications caused by plastic mulch (and its variations) on leaf area index remain largely unclear. Field experiments were, therefore, conducted to analyse the differences in energy partitioning between plastic mulch and non-plastic mulch conditions in cotton fields in arid Tarim Basin. Each component net radiation, surface soil heat flux, sensible heat and latent heat was either measured or estimated at different growth stages of the cotton crop. Results showed that the effects of plastic mulch on field energy partitioning was most evident when leaf area index was less than 1.0. During this period, net radiation decreased mainly due to the increase of surface reflectance. Surface soil heat flux and sensible heat were also increased due to the increase of surface temperature. Finally, latent heat decreased after plastic mulch application. As over 20% of net radiation was allocated to the soil surface under plastic mulch at the seedling stage, this suggests that surface soil heat flux should not be ignored for evaluating surface energy balance at the seedling stage under plastic mulch conditions. K e y w o r d s: land cover, land surface property, leaf area index, arid land INTRODUCTION Land surface energy partitioning is the process of partitioning net radiation into latent heat, sensible heat and surface soil heat flux at the earth/air boundary. The magnitude of each energy component is closely related to the physical properties of the land surface, which, in turn, has influence upon surface temperature, surface reflectance, roughness length and aerodynamic resistance (Horton et al., 1996; Baldocchi and Meyers, 1998; Li et al., 2009) . Thus, investigating the changes in energy partitioning caused by different agricultural mulching practices is crucial for a better understanding of surface energy and water balance in cropland ecosystems.
INTRODUCTION
Land surface energy partitioning is the process of partitioning net radiation into latent heat, sensible heat and surface soil heat flux at the earth/air boundary. The magnitude of each energy component is closely related to the physical properties of the land surface, which, in turn, has influence upon surface temperature, surface reflectance, roughness length and aerodynamic resistance (Horton et al., 1996; Baldocchi and Meyers, 1998; Li et al., 2009) . Thus, investigating the changes in energy partitioning caused by different agricultural mulching practices is crucial for a better understanding of surface energy and water balance in cropland ecosystems.
Plastic mulch is a cover technique that is widely used in croplands in arid and semiarid regions around the world due to its beneficial bio-environmental effects, which include weed suppression, yield increase and water use efficiency enhancement (Kasirajan and Ngouajio, 2012; Li et al., 2008; Tarara, 2000) . However, the application of plastic mulch can significantly change the land surface characteristics and field micro-meteorological conditions (Ham et al., 1993; Tarara, 2000) that influence surface energy partitioning.
Through field observation, Liakatas et al. (1986) noted that plastic mulch increases both mean soil temperature and the amplitude of the daily soil temperature cycle at a soil depth of 2 cm, and thereby increases soil heat flux relative to bare soil. Moreover, Bonachela et al. (2012) showed that daily net radiation at the bare soil surface is close to that at the surface of transparent plastic mulch under noncropped greenhouse conditions. In addition, Bussiere and Cellier (1994) observed that due to enhanced reflection of solar radiation and upward longwave radiation, net radiation reaching sugarcane residue mulch is 20% lower than that reaching bare soil. In contrast to bare soil, the maximum soil heat flux decreases by 63% under crop residue mulch, while maximum sensible heat increases by 300%. Consequently, maximum latent heat decreases by 30%. Using a heated foil technique to measure surface conductance in non-cropped plots, Tarara and Ham (1999) showed that the sensible heat of black plastic mulch is larger than that of bare soil. Indeed, a difference of about 150 W m -2 can be seen at midday. Although these studies reported the possible effects of plastic mulch on energy balance components for bare soil and greenhouse conditions, knowledge gaps still exist in real cropland situations. This is especially true for the missing knowledge of how these effects vary with leaf area index (LAI) during the full growth stage. Recently, the reported works such as those by , Yang et al. (2012) , Ding et al. (2013) , and Ai and Yang (2016) have focused on evapotranspiration estimation under plastic mulch conditions. These authors offer good reference for choosing appropriate methods to conduct energy partitioning analyses in such situations. What is notable is that these and many other studies were based solely on eddy covariance measurements under plastic mulch conditions -they lacked comparison with non-plastic mulch situations.
Therefore, this study was conducted to further explore the effects of plastic mulch on surface energy partitioning. It is based on comparative experiments between plastic mulched and non-plastic mulched treatments in a cotton field in Northwest China. The objective of this study is to investigate the changes in each component of energy balance induced by plastic mulch under different LAI conditions.
MATERIALS AND METHODS
Field experiments were conducted in 2014, at the Soil and Water Conservation Monitoring Station in Aksu Oasis, near Aler City, in the Tarim River Basin. Detailed information on the study site can be found at Ai and Yang (2016) . Two drip irrigation treatments, one with plastic mulch (PM) and the other without mulch (NM), were set up on day of the year (hereafter DOY) 118 in 2014. A sketch diagram illustrating the agronomic practices under NM and PM treatment is presented in Fig. 1 . In each treatment, cotton (Gossypium hirsutum L., Xinluzhong-37) was planted at row spacing of 0.3 m, plant spacing of 0.11 m, and population density of about 26 plants per m 2 . Each row was oriented in the east-west direction. There were a total of 6 rows per treatment, which were divided into narrow rows and wide rows based on the row spacing. Two nearest row widths of 0.3 and 0.4 m were defined as narrow row and wide row, respectively. An 11-emitter drip tape was placed in the centre of each narrow row of each treatment in the east-west direction. In the PM treatment, each narrow row and a drip tape were covered with a 3.30 m long and 0.50 m wide transparent polyethylene plastic film tightly pegged into the soil at the edges. At each side of the narrow row, 0.05 m of plastic film was buried vertically into the soil at a depth of 0.03 m. The width of pure bare soil between two successive plastic films was 0.3 m. The area under plastic mulch was about 60% of the total treatment area under the PM treatment (Fig. 1) . The irrigation schedule and measurement of soil moisture and LAI can also be found at Ai and Yang (2016) .
In each treatment, net radiation was measured using a net radiometer (PC-2, Jinzhou solar Scientific Ltd., China) mounted horizontally at 0.3 m above the cotton canopy and adjusted in relation to cotton height at different growth stages. The radiometers were fitted with a set of upward sensors for measuring incident shortwave and longwave radiation, and with a set of downward sensors for measuring reflected shortwave and longwave radiation. To obtain soil heat flux, two heat flux plates (HFP01-L33, Hukseflux, Netherlands) were placed in each treatment at 5 cm below the soil surface. One was placed at the centre of the middle narrow row and the other at the centre of pure bare soil between two successive plastic films. A spatial image of the variations in temperature (canopy temperature, bare soil surface temperature and plastic mulched surface temperature) in each treatment was generated using a mobile Infrared Camera (R300, NEC Ltd., Japan) at a height of 1.6 m at the cotton seedling stage. Canopy temperature was also measured by a R300 Infrared Camera while mulched, while bare soil surface temperatures were measured by a soil temperature probe (107-L33, Campbell Scientific Ltd., USA) as substrate surfaces were covered by cotton leaves at the other growth stages. The above data for the energy components were collected at two hourly intervals from 6 a.m. to 6 p.m. local time (LT). Similar to Li et al. (2015) , data at 6 a.m. and 6 p.m. LT were excluded in the analysis of energy partitioning in order to control the data quality. Air temperature, relative humidity, and wind speed were measured using a self-build automatic meteorology station at a height of 2.0 m above the cotton field surface with a frequency of 30 min. The station was placed directly on the side of the plots. The distance between the station and the plots was only around 50 cm. Soil temperature was measured by the soil temperature probe at 0, 5, 10, 20, and 40 cm below mulched middle narrow row and pure bare soil between two successive plastic films. For the 0 cm soil temperature, the temperature probe was buried in a very thin soil layer to avoid exposing the sensor to air. A data logger (CR3000, Campbell Scientific Ltd., USA) was used to collect the raw data. Data for eight representative clear days (DOY 139, DOY 153, DOY 156, DOY 166, DOY 177, D0Y 190, DOY 239, and DOY 269) in 2014 under different LAI conditions were used to calculate each component of the energy balance. The detailed information on the calculation methods can be found in the supporting information file. Wind speed, water vapour deficit, relative humidity and air temperature on the eight days are depicted in Fig. S1 in the supporting information file. Of note, we found that wind speed, VPD, and air temperature were relatively high on DOY 139, DOY 153 and DOY 166. In contrast, relative humidity was relatively low for these days. Overall, the meteorological conditions at the mentioned three days contributed more to evaporation than did the rest of the days.
RESULTS
Daytime variations in net shortwave radiation, net longwave radiation, and net radiation above the cotton canopy under both the PM and NM treatments at different cotton growth stages are plotted in Fig. 2 . Due to higher surface albedo, net shortwave radiation at the seedling stage was obviously lower under PM than under NM treatment on DOY 139, DOY 153 and DOY 156. Due to higher surface temperature, net longwave radiation at the seedling stage was more negative under PM than under NM treatment on DOY 139, DOY 153 and DOY 156. As net radiation is the sum of net shortwave and longwave radiation, it was lower under PM than under NM treatment at the seedling stage (Fig. 2, right plot) . The maximum difference in net radiation between PM and NM was about 64 W m -2 , which occurred at 10 a.m. on DOY 153. Daytime variation in net radiation was similar to that in net shortwave radiation under both the PM and NM treatments. This was because the absolute value of net longwave radiation was very low, compared with that of net shortwave radiation. For instance, the maximum absolute value of net longwave radiation (205 W m -2 ) was far lower than net shortwave radiation under PM treatment (684 W m -2 ) on DOY 139 at 2 p.m. From DOY 166, net shortwave radiation, net longwave radiation and net radiation under the PM and NM treatments were similar.
Daytime variations in surface soil heat flux under the PM and NM treatments at different cotton growth stages are shown in Fig. 3 . The plot reveals a rapid increase in surface soil heat flux under PM than under NM treatment between 8 a.m. and 12 a.m. After 2 p.m., the trend also dropped rapidly under PM treatment on DOY 139, DOY 156 and DOY 166, at the seedling stage. From 8 a.m. to 4 p.m., on DOY 190 and DOY 239 of the late squaring stage, surface soil heat flux in the two treatments was very similar. In general, the magnitude and thus amplitude of the surface soil heat flux decreased under both treatments with increasing LAI. For instance, the daily maximum surface soil heat flux under PM reached 260 W m -2 on DOY 139 (LAI = 0), but dropped to 35 W m -2 at noontime on DOY 190 (LAI = 3.2). The trend under the NM treatment was also similar to that under the PM treatment.
Theoretically, sensible heat is correlated positively with the difference between surface and air temperature, and negatively with aerodynamic resistance. In our study, we saw that daytime variations in total sensible heat under both treatments were different from those in net radiation and surface soil heat flux (Fig. 4) . The irregular daytime dynamics were largely attributed to irregular variations in wind speed; a key aerodynamic resistance factor. For instance, wind speed on DOY 139 was 0.3 m s -1 at 12 a.m. and 2.4 m s -1 at 2 p.m. At this time, the corresponding sensible heat values were, respectively, 45 and 280 W m -2 under the PM treatment, and 29 and 180 W m -2 under the NM treatment. Sensible heat was apparently higher under the PM than under the NM treatment on DOY 139, DOY153, and DOY 156. The highest difference in sensible heat between the PM and NM treatments (100 W m -2 ) occurred at 2 p.m. on DOY 139, during the seedling stage. With increasing cotton growth and LAI, the difference narrowed down on DOY 153 and DOY 156, during the seedling stage, and on DOY 269, during the boll-opening stage. Sensible heat was also negative under the PM and NM treatments from DOY 166, during the late seedling stage, to DOY 239, during the flowering and boll-setting stages. This trend was attributed to low canopy temperature relative to air temperature during these growth stages.
Latent heat is the residual of the surface energy balance. As shown in Fig. 5 , daytime variations in latent heat were similar for the PM and NM treatments, although it was generally lower for PM than NM on DOY 139, DOY 153 and DOY 156, at the seedling stage. For the three observation days at the seedling stage, mean hourly latent heat under the PM treatment was 138 W m -2 . This was 56.3% of the 246 W m -2 mean hourly latent heat under the NM treatment. The discrepancy was mainly due to the vertical flow of water and heat being blocked by plastic mulch. With increasing LAI after DOY 166, however, the difference in latent heat between the PM and NM treatments narrowed down, dropping to nearly 0 W m -2 at 2 p.m. on DOY 190, at the squaring stage.
To gain further insight into the discrepancies in the energy partitioning between the PM and NM treatments, daily integrals of the energy balance components were (Table 1 ). The decrease of available energy (R n -G) induced by plastic mulch was up to 3.48, 2.86, 2.11 MJ m -2 day -1 with an average of 2.82 MJ m -2 day -1 (equalling to 22.0%) at the early seedling stage (on DOY 139, DOY 153 and DOY 156), respectively. Plastic mulch changes not only available energy reaching the soil surface, but also surface energy partitioning. At the early seedling stage (DOY 139, DOY 153 and DOY 156), increase in the ratio of surface soil heat flux relative to net radiation induced by plastic mulch was up to 0.16, 0.11, 0.06, respectively. Similarly, the ratio of sensible heat relative to net radiation increased by 0.11, 0.09 and 0.08 under the PM treatment (0.33, 0.33 and 0.34) over that under the NM treatment (0.22, 0.24 and 0.26) on DOY 139, DOY 153 and DOY 156, respectively. The maximum difference between PM and NM treatments in terms of the ratio of latent heat relative to net radiation reached 0.28 on DOY 139. Based on the average value for the three days of the seedling stage, the decrease in the ratio of latent heat relative to net radiation was up to 0.2.
DISCUSSION
Incorporating LAI into energy partitioning analyses could significantly improve the accuracy of estimated energy components (Wang et al., 2014) . Based on the observations and analysis in a series of LAI, this study showed that the effect of plastic mulch on energy partitioning in cotton fields was most evident for LAI less than 1.0 at the seedling stage. Further analyses based on water balance between the PM and NM treatments confirmed this result (Fig. S2) . As can be seen from Fig. S2 , the difference in evapotranspiration between PM and NM treatments mainly occurred before DOY 167. During the seedling stage, the plastic film was much exposed to sunlight. Therefore, there was more reflection of radiation due to the high reflectance of plastic film. while net shortwave radiation was considerably reduced. As can be seen in Fig. S3 , daily mean surface reflectance under the PM(NM) treatments was, respectively, 0.25(0.19) on DOY 139, 0.24(0.18) on DOY 153, and 0.20(0.16) on DOY 156. This is similar to the observations by Fan et al. (2015) , who found that surface reflectance increased on average by 27.9% when LAI was less than 1.0. On the other hand, net longwave radiation also dropped due to high longwave radiation away from the surface with increasing soil temperature, under plastic mulch conditions. Finally, net radiation available for partitioning also dropped. It is worth noting that the reduction in net radiation was mainly driven by the reduction in net shortwave radiation rather than in net longwave radiation. Since higher surface reflectance is often related to less available energy for evapotranspiration (Mehlitz et al., 2008) , white plastic film mulch might be the best water-saving plastic film in croplands due to its capacity to limit available energy.
Around 34% of all net radiation was allocated to surface soil heat flux at the seedling stage, which indicated that the effect of plastic mulch on surface soil heat flux was critical in field energy balance partitioning analyses; at least at the early seedling stage (Heusinkveld et al., 2004) . Sensible heat is positively correlated to differences in surface temperature and air temperature. As can be seen from Fig. S4 , the differences in surface temperature and air temperature were higher under the PM than NM treatments, with an average of 2.4 o C for DOY 139, DOY 153 and DOY 156.
Thus, plastic mulch increases sensible heat by increasing soil temperature. Based on the energy balance algorithm, latent heat decreased under the plastic mulch condition.
This study is primarily based on surface energy balance. This is the fundamental principle of the numerous models in relation to energy and mass exchange (Twine et al., 2000) . Allen et al. (2011) underline that the remotely sensed energy balance method has the smallest errors in comparison with the method of eddy covariance, soil water balance and sap flow. The modified Shuttleworth and Wallace model developed by has been noted to have good performance for plastic-mulched maize field, and which was, therefore, used to estimate sensible heat in this study. This method considered the effect of plastic mulch on sensible heat. Thus, the method used in this study was taken as being reliable in ascertaining the effects of plastic mulch on energy balance components.
In this study, the calibration uncertainty of shortwave and longwave radiation is lower than 1.5 and 7%, respectively. The typical accuracy of the measurement of soil heat flux is within -15 to 5%. Thus, as discussed by Twine et al. (2000) , the errors from disparities in net radiation and surface soil heat flux were relatively small. Sensible heat might have the biggest errors in this study. The errors in the estimated sensible heat can be divided into two aspects: 1) the accuracy of the measurements in surface temperature, and 2) the estimated error in aerodynamic resistance and under plastic mulch condition. The measurement accuracy in air temperature, surface temperature, and canopy temperature are ±1 o C. This figure is very acceptable. The aerodynamic resistance was estimated using the method developed by . In addition, we especially added the surface layer stability correction. The use of plastic mulch may change the aerodynamic resistance, but it is difficult to theoretically adjust this modification up to now. Moreover, Tarara and Ham (1999) observed that there were no significant differences in the aerodynamic resistance between plastic mulched surface and bare soil surface. Thus, the estimated sensible heat in this study, in our opinion, is acceptable. Of course, negative sensible heat was also observed on DOY 177, DOY 190, and DOY 239 for which days LAI exceeded 2.0, suggesting that more sensible heat was transferred from the surrounding air to the canopy layer. This was mainly due to lower canopy temperatures caused by high evapotranspiration in the large canopy structure. This phenomenon is also evident in nearby eddy covariance observations and other studies (Ai et al., 2018; Voogt and Grimmond, 2000; Watanabe and Mizutani, 1996) .
CONCLUSIONS
This study fully presented the changes in the four components of energy budget in a cotton field with plastic mulch based on both observations and estimations. The main conclusion can be summarised as:
1. Plastic mulch not only changed the available energy, but also the energy partitioning.
2. The modifications in energy partitioning induced by plastic mulch were most evident at the seedling stage, when leaf area index was less than 1.0.
3. During this period, net radiation decreased mainly due to the increase of surface reflectance.
4. Surface soil heat flux and sensible heat increased due to the increase of surface temperature. Surface soil heat flux should not be neglected for evaluating surface energy balance at the seedling stage under plastic mulch conditions. 5. Due to the decrease of net radiation and the increase of sensible heat and surface soil heat flux, latent heat decreased after plastic mulching. 
Calculation methods
Assuming that canopy energy storage is negligible, surface energy balance in each treatment is expressed as: ). Net radiation available for energy partitioning into other forms of energy is the sum of net shortwave and longwave radiation, expressed as: : 
where r is air density (kg m ).
Aerodynamic resistance ( aa r and as r ) and bulk boundary layer resistance ( ac r ) are calculated as (Shuttleworth and Wallace, 1985; Shuttleworth and Gurney, 1990 ), set at 50 s m -1 (Brisson et al., 1998) .
Friction velocity (u * ) under the neutral conditions is calculated as:
where u is wind speed at reference height (m s -1
). Under the non-neutral conditions, friction velocity is calculated as:
where T is soil temperature, t is time, and s C is soil volumetric heat capacity. Given the low soil organic matter content, soil volumetric heat capacity is estimated as (de Vries, 1963): (1 ) 
where b r is bulk density, 1.48 g cm -3 in this study, and m r is density of minerals, taken as 2.65 g cm 
